Introduction
Polynuclear aromatics (PNA) have been known as carcinogens for many laboratory species since the thirties, and efforts have been expended to correlate structure and carcinogenic activity for many members of that group. It was not completely successful, but certain conclusions are still accepted about the limits of structure/activity correlations. This allows the researcher in the field to make educated guesses regarding the possible carcinogenicity of polycyclics with specific arrangement of the ring system, but it cerned. There are data on the atomic ratio of hydrogen to carbon which for a sample of coal (Illinois #6) was found to be 0.86. A highly imaginative structure was given by Wadden (1) (Fig. 1) . It allows the creation of an image of what variety of structures may be present in coal. Completely realistic, however, is the analysis of an extract of powdered bituminous coal which identifies the polycyclic aromatic hydrocarbons by means of absorption spectroscopy and the degree of alkylation by mass spectrometry. This analysis gives a quantitative picture of the various groups present. Of interest with regard to potential carcinogenicity are the groups: benzo(a)pyrene, chrysene, cyclopentanochrysene, and benz(a)anthracene derivatives (2) . It is clear that the process of pulverization and extraction would not have contributed to the formation of these compounds which therefore must be assumed to be present as such in coal (Table 1) .
When coal is burned, many changes occur in the composition of these polynuclear aromatics. so that the chemicals that can be recovered from the soot are more generally the parent substances, i.e., those without alkyl groups belonging preferentially to the peri-condensed group of aromatics. Some data on the pyrolytic process will be given later in this paper. So far no mention was made of heterocyclic compounds, but independent of the presence of these compounds in coal the pyrolytic process during combustion will allow the formation of nitrogencontaining polycyclic compounds and a number of them have been found in air pollution particulate matter (Table 2 ) (3). Their carcinogenicity also depends on structure, but different rules seem to govem structure and carcinogenicity in this case. Some are quite potent; but an increase in the number of H FIGURE 1. A representative bituminous coal structure (1) .
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Ind nitrogen atoms in the ring system tends to decrease potency abruptly. The analysis of coal mentioned above did not extend beyond the polycyclic aromatic hydrocarbons, but studies on coal tar revealed the presence of many other heterocyclic compounds where nitrogen, oxygen, or sulfur is built into the ring systems. It is necessary to dissociate these findings from both, the composition of coal and the composition of soot, because these compounds may be formed under different conditions. However, they help us to an un- derstanding of what kind of structures we could expect to be present in coal, which might be formed subsequently on tar formation, and which might lead to new structures on combustion. Structures containing a thiophene ring instead of an aromatic ring in the polycyclic structure may also be quite carcinogenic. Table 3 shows the concentrations of some polycyclic aromatic hydrocarbons and related compounds found in coal and in urban air. The concentration range of some of these compounds in city air has been determined by Sawicki et al. (4) . Figure 2 gives the structure and name of a number of important PNAs. One group of polycyclic hydrocarbons which was not mentioned in the coal analysis is that of benzfluoranthenes. These compounds are present in soot and in air pollution, and may contribute to the carcinogenic burden of urban populations. Figure 3 shows seasonal variation in air pollution, based on the presence of benzo(a)pyrene.
Inorganic Compounds
Some inorganic carcinogens exist in coal and reach the atmosphere following combustion. The concentration of these elements in coal are given in Table 4 (5). They are mentioned here only for the sake of completeness. As most of them will be removed before reaching the air by electrostatic precipitation, the carcinogenic risk may not be very great, however, elements such as arsenic, cadmium, lead, and selenium may pass the precipitator and thus reach the environment as fallout from the air. Others may represent a disposal problem of fly ash and clinkers. This topic will be dealt with in another paper.
N-Nitrosamines
The last group of carcinogens to be mentioned are the N-nitrosamines. They are not present in coal, but it might be anticipated that they would be formed during the process of combustion of coal under special conditions. An analysis of the problem has been made by Henschler and Ross (6) , who exposed mice to 40 ppm N02 for various time intervals observing proliferation of alveolar cells but no suggestion of development of cancer. The report was an interim report as many of the animals were still alive, but it enabled the authors to conclude that a carcinogenic risk from N-nitrosamine formation from oxides of nitrogen in the air and amines present in the tissues of the mice seemed unlikely. By contrast, Pitts (7) observed N-nitrosamine formation on allowing a reaction to occur between secondary amines added to air containing 0.3 ppm NO, in darkness, while nitramines were formed in daylight. The bUndetectable in the amount of sample analyzed. 
Cocarcinogens Associated with Coal Combustion
Lately the problem of synergism between chemicals in their toxicologic effect has been emphasized, and some weight has been attached to its possible contribution to cancer induction, but as yet no exhaustive studies of the effect have been made. Origi- extreme occupational situations which have been remedied as soon as they were discovered, but we will be left with one perfect example: the habit of cigarette smoking 2 packs or more per day. As will be discussed under the heading of epidemiology, smoking cigarettes may be considered a cocarcinogenic hazard in association with coal combustion.
Initiators or Incomplete Carcinogens
Recently some of the "inactive" polycyclic compounds were retested in combination with a synergist, or promoter of carcinogenesis, usually croton resin or one of its components in pure form, i.e., phorbol myristate acetate. The species ofchoice was the mouse, and the polycylic hydrocarbon was applied to the skin with subsequent treatment with the promoter, as will be described in some detail later on. Some became effective initiators of carcinogenesis under these conditions while without promotion treatment they had been inactive or were very weakly carcinogenic. They were then called incomplete carcinogens or initiators of carcinogenesis. However, not all previously "inactive" compounds were active under these conditions.
Although it is not to be implied that those incomplete carcinogens should be weighted the same way as the complete carcinogens, nonetheless they may play an important role towards understanding of the carcinogenic process. Table 3 gives the chemicals that have been identified this way as incomplete carcinogens, but they have never been tested in relation to lung tumor induction in animals. It should also be noted that the compounds studied are only the major polycyclic hydrocarbons on soot, and do not represent all of the adsorbed PNAs.
There is little evidence for the presence of promoters in coal or soots. Promoters found in petroleum fractions are long-chain saturated or unsaturated hydrocarbons and sulfur-containing compounds. Although they are absent from coal itself, they could be formed during its liquefaction.
Cocarcinogens Associated with Coal Combustion Sulfur Dioxide. Sulfur dioxide was found to be a promoter of carcinogenesis by Laskin et al., who exposed rats for 6 hr/day to 10 ppm S02 or to clean air and also for 1 hr/day to air containing 10 mg BaP/m3 and 3.5 ppm S02 for 5 days/week (8) . The experiments were continued for 98 weeks and produced no lung cancers in the animals exposed to clean air, compared to 5 rats of21 with squamous cell carcinomas on exposure to the carcinogen and S02 plus the additional 6 hr/day on the high concentration of S02. These experiments used too few animals for the evaluation of the effect of S02 alone. Two other studies are of interest also. In one study, rats were exposed chronically to 4-8 ppm S02. No lung tumors were observed in these animals. (9) . However, in a study by Peacock and Spence, on mice of a strain highly susceptible to lung tumor formation (LX) the lung tumor incidence was doubled in males exposed to 500 ppm S02 forjust 5 min/day, 5 days/week for a period of 300 days. In females of that strain who do not show lung tumors spontaneously, lung tumors were also observed (10) .
It may be of interest to note that sodium bisulfite was found to be mutagenic to lambda phage, and the mechanism of action has been studied showing that bisulfite reacts with uracil-and cytosine-forming addition compounds (11) . In another study it was found that bisulfite leads to the deamination of cytosine. High concentrations of bisulfite were used in these studies (12) .
Particulates. Particulates play an important role in all aspects of air pollution's adverse effects. They may help to carry adsorbed gases to greater depth for deposition in the lung, or they may overwhelm the mucociliary defenses of the respiratory tract leading to longer residence of toxic materials in critical areas. However, they may also serve to prevent exposure of tissue to some carcinogenic chemicals if these can be adsorbed strongly on particulates such as soots.
In our concern about coal dust and soot as contributors to human lung cancer, we need to be aware ofthe importance of surface area to their capacity for adsorption. It has been found that particle size is a controlling factor in determining whether adsorbed polycyclic aromatic hydrocarbons will be eluted or not. In a study of different particle size carbon blacks, it was found that the critical average particle size was 40 nm, below which even the best solvent would not elute any PNA, but at a particle size of 80 nm elution was effective. In a study in which BaP was added at increasing concentrations to 100 mg of each carbon black in 6 ml benzene it was found that up to 200 ,ug BaP could be completely adsorbed to particles with 10 nm diameter and only 1 ,tg BaP remained in solution when 500 ,g BaP was added to that solution. As the particle size was increased to 30 nm, adsorption was no longer complete even with the lowest concentration (5 ,ug BaP) added and 10% remained in solution. With a carbon black sample of 80 nm no adsorption took place, but the originally held BaP and other PNA were eluted (13) .
It is also true that in mixtures of carbon blacks of different particle size the smaller particles will adsorb readily what has been eluted from the larger particles so that none can be detected.
These findings serve to suggest an explanation for the different observations made in laboratory experiments as well as on humans exposed to soot or carbon blacks. When soot is allowed to come in contact with skin and its sebaceous secretion, it may give rise to cancer if contact is allowed to persist and the particle size is large enough. The same soot may not have any effect on inhalation in the lung. However, if a solvent system were available in the lung and it is likely that cigarette smoke condensate may serve this purpose -elution may take place in the lung. This theory would need experimental confirmation of the capabilities of tobacco condensates, but elution of PNA from soot also occurs under normal conditions by serum proteins, specifically the lipoprotein fraction, which may account for the observation that carbon deposits in human lungs when recovered at autopsy are devoid of most polycyclic aromatic hydrocarbons (14) . Additional evidence will be given below on the importance of adsorption of carcinogens on soot.
It is also of importance to note that adsorption on particulate matter such as soot will protect PNA from quick destruction by light and air (15 Thus, Stocks (16) found that the death rates from cancer of the stomach in nine mining areas in England and Wales among coal miners ofworking age in the period [1949] [1950] [1951] [1952] [1953] exceeded that of nonminers in the same counties with the same distribution by age and urbanization ofplace of residence. In every area, the rate of stomach cancer in coal miners exceeded that of nonminers but the excess incidence showed pronounced geographical differences, the average difference being 125 per million with a range from 65 to 226 per million. It is high in mountainous areas of heavy rainfall. The greatest excess in the rate shown by miners over nonminers occurred in Wales in Brecknock, Carmarthen, and Pembroke, where it was 226 per million. It was of interest that 82% of the miners in the area were engaged in the mining of anthracite at the time of the census. However, it was also found that in North Wales mortality from stomach cancer was particularly high in farmers, quarry workers in slate and igneous rock and in coal workers suggesting that direct contact with soil in areas with high mortality might have been an important factor (Table 5 ). Another puzzling finding in the study was the excess mortality of about 50% from stomach cancer in wives of coal miners as compared with all married women in England and Wales. In the coal fields as a whole, when the rates for nbnminers were weighted by the miners' population, the overall rate of stomach cancer was 294 per million. This mortality in men aged 20-64, was about 10 percent above that of all males in England and Wales. It was speculated that the excess rate of carcinoma of the stomach in the wives of miners might be due to some contaminant in the home such as coal dust.
Similar conclusions on coal miners derive from one recent American paper. Matolo et al. (17) found that the age-and sex-adjusted incidence of gastric cancer from January 1965 to January 1969 in the only two coal mining regions in Utah was four times that ofthe State of Utah; three times that in residents who were not coal miners living in counties with coal mining and at least eight times that of males in counties with no coal mining. It was further found that 59o of the male patients with gastric cancer were coal miners. All homes of patients affected with gastric cancer were heated with coal, and in some of the homes coal was used for cooking. Although American wives of miners, like English miner's wives, showed an excess rate of gastric carcinoma, the excess rate for American females was not found to be significant. Neither diet, socioeconomic class distribution, nor ethnic, religious, or social background appeared to be related to the increased cancer incidence. 
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A later American study by Creagen et al. (18) disputes an association between mining and an increased rate of cancer of the stomach and suggests that the correlation is with socioeconomic class rather than with occupation. In this work, mortality from gastric cancer in 23 coal mining counties in seven states of the United States during the period 1950 to 1969 was compared with other counties. Populations were carefully matched by educational level and median income. While observed deaths from gastric cancer were 20% to 30o greater than expected for men and women (statistically highly significant) a similar excess was noted for lung and cervical cancer, tumors related to low socioeconomic class. Fewer deaths occurred as a result of leukemia, and breast and colon cancers, tumors which are associated with higher social class.
The authors dismissed the excess stomach cancer rate on the basis of a socioeconomic association; yet they stressed that the miners and nonminers were in fact closely matched on the basis of schooling completed and median family income.
In a recent mortality study, Rockette (19) found a 35% excess of stomach cancer among a population of 22,998 coal miners, representing a 10% probability sample ofall coal miners eligible for benefits from the United Mine Workers of American Welfare and Retirement Funds as of January 1, 1959 . The sample population was traced through the year 1971, and was compared to all males in the U.S. for 1959-71 as a control.
A definitive conclusion on the association between coal mining and increased risk of cancer of the stomach is not possible from the published epidemiological data. However, when the available data are taken on balance, it would appear that the excess rate of cancer of the stomach in coal miners over nonminers cannot be dismissed wholly on a socioeconomic basis. While the existing data imply that an increase in coal mining might result in an increased incidence of cancer of the stomach among coal miners and perhaps their immediate families, further work to identify the effects of conflicting variables is required before such an association can be either confirmed or denied.
Carcinoma ofthe Lung. Available epidemiologic studies suggest that the death rate of coal miners from cancer of the lung is appreciably lower than the rate for nonminers of comparable age. In the earliest reported study, Kennaway and Kennaway et al. (20) examined the death certificates of men aged 20 years and over who died in England and Wales during 1921-32 of cancer of the lung and larynx. They calculated age-standardized death rates for 63 occupations and noted specifically low rates in agriculture and coal miners. This finding was corroborated by data in the Registrar General's Decennial Supplement on Occupational Mortality for 1949-1953 (21) . Doll (22) found a similar association in the death records of 15,000 men who had been residents in four districts of South Wales during 1948-56. The ratio of deaths from lung cancer to deaths from other causes was calculated for several occupational groups and found to be particularly low for coal miners. It was shown that if cancer had accounted for the same proportion of all deaths in coal miners as it did in other men, that 152 deaths from lung cancer would have been expected in coal miners whereas only 73 were recorded, a deficit of 52%.
Several studies of necropsy incidence of lung cancer in coal miners have been reported. Of these, the best controlled is that of James (23), who compared the results of necropsies on 1827 coal miners and 1531 male nonminers of similar age from South Wales. Lung cancer was present in 3.3% of the miners and in 5.4% of the nonminers. However, it was suggested that pneumoconiosis was a competing cause of death leading to the low necropsy incidence of lung cancer among these workers. In more recent papers, Goldman (24) has presented further support for these earlier observations. He reported that the standardized mortality ratios for cancer of the lung of underground miners and ex-miners employed by the National Coal Board of England was 74 in comparison to 100 expected deaths from this cause. The mortality in surface workers was found to be higher (Table 6) . Mortality rates for cancer of the lung for a small coal mining valley and the mortality figures for lung cancer in several towns which are situated in mining and nonmining areas supported these figures. The author also summarized the data available on the relationship between smoking and lung cancer in coal miners. He concluded that numerous investigators have found little difference in smoking habits between coal miners and nonminers and found no indication that the low incidence of lung cancer among coal miners resulted from unusually low cigarette consumption. He speculated that a reduced In the positive American study, Scarano et al. (26) found that cancer of the lung was diagnosed in 7% of anthracosilicotics and in 1.08% of nonanthracosilicotics, this difference being highly significant. However, no data on the ages of miners versus nonminers were published, again rendering the conclusion suspect.
In the most recent study of mortality from lung cancer in U.S. coal miners, Costello et al. (27) 1962-1963. bData of Costello (27) .
eration. The Standard Mortality Ratio obtained in this study was 67, a figure which agreed well with British figures and corroborated the association reported in the British literature between coal mining and a decreased lung cancer incidence (Table 7) . Again no relationship between amount of cigarettes smoked and the decreased rate-of lung cancer was found.
The available data strongly suggest that an unknown factor in the coal mine environment, possibly coal dust, exerts a protective effect with regard to cancer of the lung. Accordingly, it would be anticipated that an increase in the scale of coal mining would not increase the incidence of lung cancer in coal miners. However, if coal dust is in fact beneficial with regard to lung cancer, it is also a causative factor in black lung. Thus while lung cancer rates might not increase as a result of an expansion of coal production, black lung and other respiratory diseases would probably become more prevalent.
Coal Combustion
Air PoUution and Cancer. This report considers cancer only; effects of air pollution on respiratory disease are not discussed. Evidence for an association between air pollution and cancer stems from two types of studies. In the first, urban, and rural populations have been compared for incidence of lung cancer.
Several small European studies by Stocks and Campbell (28) , Daly (29) , and Stocks (30) and a number of large-scale American studies standardized with respect to both smoking habits and to age by Hammond and Horn (31), and Haenszel et al. (32) indicate that there is approximately a two-fold higher incidence oflung cancer in urban than in rural areas.
In the second type of study attempts have been made to correlate cancer mortality data with indices of air pollution. However In an extension of the above studies, Henderson et al. (35) measured actual levels of a number of polynuclear aromatic hydrocarbons (PNA) in the suspended airborne particulate matter in South Central Los Angeles County. Four PNAs were found in excess: benzo(e)pyrene (BeP), benzo(a)pyrene (BaP), benzo(ghi)perylene (GEE), and coronene (COR). A correlation was apparent between the geographic distribution of lung cancer cases and the general location of industries which emitted these PNAs.
For the entire county, occupation was an important determinant of a male's lung cancer risk but within the limits of proportional incidence statistics, it did not explain the excess male risk in the region, suggesting that occupational risk may not explain the excess lung cancer in south central Los Angeles. Neither did smoking habits appear to be a valid explanation for the increased lung cancer rate, since only one (esophageal) of the five type of cancers associated with cigarette consumption was in excess and since the greatest excess rate was of adenocarcinoma of the lung, a histological type which does not appear to be related to smoking. Table 8 which summarizes the evidence for an association between air pollution and lung cancer is taken from a paper by Lave (36) and is based on the work of Buell and Dunn (37) . For smokers, death rates (adjusted for age and smoking) ranged from 25 to 123 percent higher in urban areas than in rural areas. For nonsmokers, all differences exceeded 120%.
The incidence of nonrespiratory tract cancers has also been related to air pollution. In a reworking of data from England on rates of death from nonrespiratory tract cancer, Lave and Seskin (37) (Table  9) found that the evidence of stomach cancer was significantly related to a particulate deposit index and a smoke index with nearly identical effects for males and females. Intestinal cancer appeared to be only marginally related to indices of either deposit or smoke. For 26 areas in northern England and Wales, there appeared to be little relationship between nonrespiratory tract cancers and a smoke index. The single exception occurred in males when the socioeconomic variable was social class; here the smoke index explained a significant amount of the variation in the cancer mortality rate. Regressions 1 through 5 imply that if the quality of air of all boroughs were improved to that of the borough with the best air, the rate of death from lung cancer would fall by between 11 and 44 percent. Regressions 5 and 6 indicate a relationship between air pollution and lung cancer which is either insignificant or inverse.
Winkelstein et al. (38) , using as a measure of pollution an index of suspended particulates averaged over a two year period, found the rate of mortality from stomach cancer in Buffalo, New York, and the immediate environs to be more than twice as great in areas of high pollution as in areas of low pollution. However, the authors recognized the necessity of further work which would permit an independent assessment of the possible effects of cigarette smoking, air pollution, and economic or occupational status.
Hagstrom et al. (39) , using four measures of air pollution, found the cancer mortality rate to be 25% higher in polluted areas than in areas of relatively clean air among middle class residents of Nashville, Tennessee, between 1949 and 1960. They also found significant mortality rate increases associated with individual categories of cancer such as stomach cancer, cancer of the esophagus and cancer of the bladder.
Levin et al. (40) reported for all types of cancer the following relationships: the age adjusted cancer evidence rates for urban males was 24 percent higher than for rural males in New York State (exclusive of New York City) (1949-51), 36% higher in Connecticut (1947-51), and 40% higher in Iowa (1950); the incidence for urban females was 14% higher than Environmental Health Perspectives for rural females in New York State, 28% higher in Connecticut, and 34% higher in Iowa. For both males and females the incidence for each of 16 categories of cancer was higher in urban than in rural areas.
Lave and Seskin (37) speculated that approximately 25% of mortality from lung cancer and 15% mortality from all cancer can be eliminated by a 50o reduction in air pollution. In monetary terms these decreases in cancer rates would represent $33 million and $390 million respectively.
On the other hand, Higgins (41) found little correlation between benzo(a)pyrene or total suspended particulate levels and lung cancer death rates in some 50 standard Metropolitan Statistical Areas. However, a significant correlation with sulfate levels appeared to exist (Table 10) .
A strong relationship of BaP to lung cancer was also absent in a study by Waller (42) . He reported that the incidence of lung cancer in gas workers was only about 1.5 times that expected in spite ofa 100-to 10,000-fold excess of benzo(a)pyrene in the air breathed by those workers in comparison with air to which a normal urban population is exposed.
Perhaps the most convincing support for a relationship between air pollution and lung cancer stems from migrant studies. In this approach, lung cancer death rates in migrants from one country to another were compared with those in their home populations and with those in populations in the countries to which they had immigrated. If such migrants can be considered as equivalent to random or representative samples of the populations of the home countries, differences in death rates from those in the home countries can be ascribed to changes in environmental conditions, since concentrations of pollutants including benzo(a)pyrene vary considerably worldwide.
The results of these studies indicated that persons migrating from a more polluted environment to a less polluted environment had an increased risk of lung cancer compared to the native population, but a lower risk than their home populations. The risk increased with age at time of migration. Unfortunately most of the studies lack data regarding the effect of the smoking factor. However, in several studies such as that of Eastcott (43) , an evaluation of migrants from the United Kingdom to New Zealand showed that the migrants had a 35% higher risk of lung cancer than mature New Zealanders if they came from the United Kingdom before the age of 30. This was true regardless of the fact that the migrants generally increased the number of cigarettes smoked after arriving in New Zealand.
Dean's studies (44, 45) (Table 13) .
A recent study relevant to both the urban-rural While BaP cannot be assumed to be the cause of lung or nonrespiratory cancer in man, it can be used as an index of air pollution since its concentration is correlated with other hydrocarbons and sulfur dioxide, and since it appears in solid form in air, usually adsorbed on particles.
A quantitative estimate of the relationship between lung cancer death rates and atmospheric BaP concentrations was attempted by the Committee on Biological Effects of Atmospheric Pollutants of the National Academy of Sciences (49) . This committee used the comparison between urban and rural cancer rates (i.e., a male urban lung cancer death rate approximately twice that found in corresponding rural areas) and the urban (6.6 ug/1000 m3 BaP) and rural (0.4 ,g/1000 m3 BaP) concentrations of Sawiki (50) .
On this basis, approximately a 100o increase in lung cancer rate is associated with a 6.2 unit (one unit of BaP = 1 ,ug/1000 m3) increase in BaP or an increase of approximately 15% in deaths per unit increase in BaP. However, since the 100% increase represents the difference between the most heavily urban and the most rural environments, the pollution effect estimated from these studies should be somewhat less than 15%. Using the difference in lung cancer death rates of 13 per 100,000 of population reported between urban and rural areas in a study by Hammond and Horn (52) , there is a change of about 5% in the lung cancer death rate per unit of BaP.
The committee also utilized regression analysis to separate the effects offactors that differentiate urban and rural environments, using the assumption that Environmental Health Perspectives (56) . 218 Effect of Temperature on Formation of PNA Kennaway made the important observation that on pyrolysis of isoprene polycyclic hydrocarbons were only formed at temperatures above 750°C. He identified benzene, naphthalene, anthracene, phenanthrene, and chrysene. The tar thus formed was highly carcinogenic and probably contained higher condensed systems of PNA as well (57) . A critical temperature for the formation of carcinogenic polycyclic hydrocarbons was also postulated by Dickens and Weil-Malherbe who produced a noncarcinogenic soot extract from wood that had been heated to 400-450°C (58) . These data support the findings on lung cancer incidence among workers employed near carbonization chambers as shown in Table 17 (59). (57) .
Carcinogenicity of Selected PNA and Heterocyclics Found in Air Pollution
Few of these compounds were studied for their ability to induce lung tumors. There are also few studies on their carcinogenicity on oral administration, but each and everyone has been tested for carcinogenicity to the skin by painting the back of mice. However, by repeated application of the solution, it is difficult to estimate the total dose required for a carcinogenic response and for that reason the subcutaneous injection route in mice is chosen here for comparison of potency. It is realized that relative potency need not be the same for other organs or tissue and for other species. It may serve the purpose of refreshing one's memory on the different constituents of soot belonging to the PNA and heterocyclics.
Benzo(a)pyrene, injected in a 1:9 cholesterol:olive oil mixture, produced sarcomas in C57 mice. When the dose was 40, 4, or 0.4 ,ug, sarcomas were produced in 23, 5, or 1 mouse in each group of 50 (60) .
Benz(a)anthracene, dissolved in tricaprylin, produced sarcomas in C57 black mice on subcutaneous injection. With a single injection of 50 ,ug there were five sarcoma-bearing animals among 43 mice, with 200 ,ug 11/43, with 1000 ,ug 15/31, with 5,000 ug 49/145, and with 10,000 ,ug 5/16 (61).
Chrysene in tricaprylin at a dose of 5000 jig produced four sarcomas in 39 mice (62); in a similar experiment also on C57 black mice, of 20 mice, two developed sarcomas on subcutaneous injection of 10 doses of 1000 jig each of chrysene in arachis oil (63) .
Benz(b)fluoranthene was given subcutaneously to 30 XVII nc/z mice in three injections of 600 ,ug each, and 18 out of 24 survivors had sarcomas (64) .
Indeno(1,2,3-cd)pyrene in olive oil was injected into XVII nc/z mice and produced 10 sarcomas in 14 male and 1 sarcoma in 14 female mice on three doses of 600 ,ug each (64) .
Dibenz(a,h)acridine, at a dose of 1000 ,ug in sesame oil injected subcutaneously into 19 mice, produced 8 sarcomas in 13 survivors (65) while the same dose in A strain mice with tricaprylin as solvent produced no sarcomas at the injection site but multiple lung tumors (66) . Dibenz(a,j)acridine dissolved in arachis oil and injected in three doses of from 500 to 1000 jig each into strain XVII mice produced no sarcomas in the few survivors at 4.5 months (67) . Other experiments with better survival also had negative results. At repeated injections of 5000 ,ug of the compound into 10 mice, Badger et al. observed two sarcomas (68) .
There is good evidence that all the specific chemicals mentioned above are carcinogenic also when applied to the skin of mice (69) . Experiments have been carried out with specific PNA to attempt the induction of cancers of the respiratory tract. The Syrian golden hamster was used for these studies and the chemicals were given by intratracheal instillation as a suspension in saline with an equal weight of iron oxide (Fe2O3). Without the fine suspension of the iron oxide, the carcinogen failed to induce tumors.
One study gave 30 weekly doses of 2, 1, 0.5, or 0.25 mg/dose ofbenzo(a)pyrene and the same dose of iron oxide to 30 hamsters ofeach sex and observed 34, 42, 19 , and 10 tumor-bearing animals, respectively, equally distributed between the sexes. The location of the tumors was mainly in the bronchi, also in the trachea but less in the lungs (70) . Increasing the quantity of iron oxide administered with the benzo-(a)pyrene suspension to twice and thrice the quantity of carcinogen did not alter the tumor response (71) . Replacing the dust by magnesium oxide gave a similar result, although the location of tumors was different (72) ; choosing titanium dioxide as dust produced the same response in the hamster tracheo-bronchial tree as with iron oxide. Aluminum oxide and carbon were less effective, however. The carbon was identified only as a carbon black without details on particle size and the few tumors produced were largely benign (73) .
When a number of different PNA, present in typical sooty atmospheres were compared with BaP in the above experiments using iron oxide as particulates, it was found that 30 instillations of 0.5 mg each of benz(a)anthracene produced no respiratory tract tumors in 47 hamsters; 30 instillations of 3 mg pyrene produced one tumor in 48 animals; 0.5 mg benz(b)fluoranthene given 30 times produced one tumor in 47 animals; and 30 instillations of 0.25 mg dibenz(a,h)-anthracene produced two tumors in 46 hamsters (74) .
In contrast to these largely negative results the hamsters responded to four instillations of 2 mg each of dibenz(a,i)pyrene with the production of 16 respiratory tract tumors in 34 animals and in another experiment with the same carcinogen given in 24 doses of 0.5 mg each with induction of 39 tumors in 44 animals. Here, then, is a highly potent carcinogen for that system (74) .
Feron (75) also used instillation of a saline suspension of benzo(a)pyrene intratracheally in Syrian golden hamsters to study the respiratory tract lesions induced without the use of dust but with irritants like furfural. When only benzo(a)pyrene at a dose of 1 mg each was administered for 36 weeks 41 out of 62 hamsters had respiratory tumors (in contrast to the findings above), but the introduction of a 1.5% furfural solution instead of saline made only minor changes; i.e., not so much in epithelial tumor induction, but in shortening the latent period and in causing induction of peritracheal sarcomas in 20 hamsters out of 61 as compared to 2 sarcomas in the benz(a)-pyrene treated group of 62 animals (75). Similar studies using benzopyrene as the carcinogen and acrolein as cofactor did not show any cocarcinogenic activity when the hamsters were exposed to air containing 4 ppm acrolein for 7 hr/day, 5 days/week for one year (76) .
Cocarcinogenicity of PNA and Compounds Related to Coal Combustion
Incomplete carcinogens were identified by Van Duuren et al. (77) in experiments in which the chemical was applied in a single dose to the skin of ICR/Ha Swiss mice and with repeated application of phorbol myristate acetate, one of the active principles of croton resin, to the skin for a year or longer. With benz(a)anthracene he observed benign tumors in 10 out of 20 animals after application of 1 mg total dose. For perylene and benz(g,h,i)perylene, the dose applied was 0.8 mg and the tumor induction was of borderline significance, but the shortened latent period definitely suggests initiating activity. In a separate study coronene at 0.5 mg total dose was found to be a weak initiator, while two other PNA not encountered in soot namely, dibenz(a,c)an-thracene and 6-methylanthanthrene, were potent initiators. Benzo(e)pyrene was inactive, as was anthanthrene (78) .
Cocarcinogenicity was also tested by Van In a different type of experiment, Horton and Christian applied some of the PNA of relevance to this report on coal combustion to the backs of mice in decalin (non-promoting) or a 50:50 mixture of decalin and dodecane (promoting). C3H male mice were treated for 80 weeks and tumor induction was monitored. A 60 ,ug dose containing 0.15% chrysene was applied twice a week and yielded 13 carcinomabearing mice and two with papillomas-only out of 17 mice. The average latent period was 45 weeks. Pyrene, similarly tested at a 0.5% concentration, produced two carcinoma-bearing mice and two with papillomas. The latent period was 56 weeks. Fluoranthene and perylene were negative. The vehicle alone produced only two papilloma-bearing animals with a latent period of 75 weeks. All the above results were obtained with the solvent system containing the promoter dodecane. Without the promoter the equivalent studies with 100% decalin as solvent were largely negative (80) .
In contrast to the cocarcinogenic effects described above another type of experimentation was used by Finzi et al. (81) . A 0.3% benzene solution of benzo(a)pyrene or dibenz(a,c)anthracene (alternating every second day) was painted on the backs of 40 Swiss mice for 25 weeks. This group was compared to two other groups painted with BaP and benzene only or dibenz(a,c)anthracene and benzene every second day. The percentage of tumor-bearing animals after 25 weeks reached 90% for BaP painting compared to 45% tumor-bearing animals with the combined painting. A comparable study using perylene instead of dibenz(a,c)anthracene with a slightly different protocol produced similar results. Instead of the 90% tumor-bearing animals with benz(a)pyrene alone, the combination of BaP and 220 perylene reduced the incidence of tumor-bearing animals to 33% (81) .
Turning now from skin painting to subcutaneous injection into C57 black mice, anticarcinogenic effects were observed for a number of PNA introduced at a ratio of PNA to BaP as encountered in tobacco tar. The carcinogen benzo(a)pyrene was given at a dose of 400 ,ug in tricaprylin. The other PNA were benzo(a)fluorene, benz(m,n,o)fluoranthene, perylene, perinaphthoxanthene, benz(a)carbazole, chrysene, benzo(k)fluoranthene, and a mixture of phenanthrene, anthracene, and pyrene. Only those mentioned above inhibited carcinogenesis by BaP significantly (82) . More detail is not given because the subcutaneous route is often considered too far removed from the actual target in human cancer induction.
Experiments on Soot Leitch (83) (91) .
Davis et al. recently studied intra-tracheal instillation of benzo(a)pyrene in Infusine at different dose levels with and without carbon black. The carbon black contained extractable pyrene, but no other PNA. In these experiments on Wistar SPF rats the investigators found squamous neoplasms of the lungs in proportion to the dose ofbenzo(a)pyrene but observed only half as many cancers when carbon black was also present in the infusate (92) .
All these experiments taken together suggest that polynuclear aromatics adsorbed on soot are not available for carcinogenic action unless a proper vehicle is available for elution from soot. Where the amount of adsorbing carbon black or soot is inadequate to remove the carcinogen from solution some cancers may develop.
In this connection it may be of interest to note that it does not require a lipid solvent to elute polycyclic hydrocarbons from soots above a certain particle size, but that plasma will suffice to extract them, although less rapidly and efficiently. The rate of elution has been studied for 48-hr exposure to saline, which eluted none of the PNA on soot, and up to 90-min exposure to plasma which eluted several PNA completely including benzo(a)pyrene and others to more than 50%. Not could be accounted for 100%, so that metabolism or degradation of some of the PNA represents a possibility (15) . (Fig. 4) In order to assess the potential carcinogenic risk of greatly increased coal utilization for combustion, it is necessary to assume the imposition of safety measures, controls, and safeguards which can currently be formulated. Coal mining would be better and safer if it were done by surface mining, except for the enhanced destruction of agricultural land and the ecologic impact of the disturbance of the land. As a compromise will have to be worked out, the advantages and disadvantages must be compared and weighed and possible health effects must be included in the assessment. Depending on the location of the coal seams, underground mining will undoubtedly be necessary, but the new mines will have to have the benefits of technologic advances, such as high air circulation to reduce the accumulation of coal dust and gases in the air. Also the use of powerful diesel machines will carry out much of the work so that the mining population will be small.
Removal of Sulfur Dioxide
On the other side of the energy production program is the pollution from coal combustion which is already under considerable control. Removal of oxides of sulfur has been accomplished by a variety of means, some leading to usable products, others to waste materials, but all able to remove the SO, produced with rather high efficiency. This technology is obligatory and will be included in any new plant development. The efficiency at this stage of development in removal of SO, is estimated to be 90% and needs still further improvement. Other processes which would lead to the recovery of sulfur and avoid some problems of disposal of waste materials are also on the drawing boards (93) . Undoubtedly under other conditions of coal utilization completely different processes will be developed, such as the extraction of inorganic sulfides (iron sulfide) from pulverized coal and removal of organic sulfur compounds by treatment with hydrogen and a catalyst. These processes will be considered under coal gasification and liquefaction when these techniques are up for health assessment.
Removal of Chlorine
The presence of chlorine in coal may be handled by the same process as described above, i.e., using lime scrubbing devices, but hydrogen chloride is quite corrosive to the equipment. (94) .
Removal of Particulate Matter
Electrostatic precipitators have been employed successfully for many years for the removal of particulate matter and they can be very efficient. Removal of most trace elements as well as soot has been accomplished. One problem remains, i.e., the disposal of the waste. For the trace elements which possess carcinogenic or other toxic properties, the utilization of waste material will produce problems. Similarly the soot may carry carcinogenic PNA which may persist.
Destruction of PNA in Soil
Soil will not readily decompose many polynuclear aromatics, although specific organisms have been identified that can destroy polycyclic hydrocarbons. Most soil organisms do not seem to have that capability (95) . Uptake of the PNA by plants has been documented. These studies used the hydrocarbon without soot as carrier which must change the ease of uptake considerably. It will probably be best to combust the material collected on the electrostatic precipitator to destroy the PNA that way.
Destruction of PNA in Air
If some soot passes through the electrostatic precipitator it will stay in the atmosphere for some time. Data exist on the degradation of polycyclic hydrocarbons by light and air when adsorbed or not adsorbed on soot (96, 97) . The rate is different for each member of the PNA encountered in air pollution. Benzo(a)pyrene is not one of the more resistant hydrocarbons. In the free state benzo(a)pyrene is destroyed or gone to 20% in 24 hr exposure to light and air. When adsorbed on soot, it is only lost to 10%o during 48 hr in light. When exposed, adsorbed on soot, to an artificial oxidant atmosphere, prepared from ozone and vaporized gasoline, twice as much is gone in 1 hr. Exposure to an oxidant atmosphere has also a far greater effect on many other polynuclear aromatics encountered on soot. Up to 75% is destroyed.
Research Needs for Resolution of Uncertainties
On the assumption that neither the miner nor the urban dweller will have to be exposed to the hazards of increased coal production or combustion and that technological improvements over today's industrial techniques will further reduce mining hazards and pollution of urban areas, it is still very desirable to understand better some of the functions of polycyclic hydrocarbons in producing their health effects.
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PNA Carcinogenicity for the Lung Data on the carcinogenicity of PNA were obtained in the beginning by skin painting on mice, subsequently by subcutaneous injection into mice. The potency of these chemicals in relationship to each other is largely based on these findings. It would be essential to get a similar comparison of activity for the tracheo-bronchial tree. Knowing the difficulties of inducing tumors in the respiratory tract compared to the skin or the connective tissue, it should be determined how the various PNA compare in carcinogenicity for the respiratory tract.
PNA Synergism with Particulate Matter
In experiments on rats and hamsters, intratracheal intubation with BaP has produced negative results which led investigators to introduce dusts, composed of various metal oxides leading to enhancement of tumor production. Replacement of the dusts by soots may make the experiments somewhat more comparable to real life and may clarify the picture of adsorption of the PNA on soot, leading to unavailability of carcinogens and thus preventing cancer induction. The particle of the general air pollution is of the size that would release the PNA after phagocytosis.
PNA Synergism with Compounds Present in Polluted Air
Some groups of chemicals have been tested for cocarcinogenic activity, mostly on mouse skin, and not very many were active. Phenol itself and catechol were two active promoters. Aldehydes were also expected to act as promoters. Furfural in conjunction with BaP was found inactive for the skin of mice but active as promoter for the lung of hamsters (75) . Another important aldehyde, acrolein, was inactive as a cocarcinogen for the hamster lung in conjunction with BaP (74) . It may be worthwhile to undertake a more systematic study of typical air pollutants that could act as cocarcinogens with the PNA particularly when applied to the lung of hamsters. Similarly, it would be most desirable to learn more about incomplete carcinogens, those that act only as initiators of carcinogenesis for mouse skin, but may have important properties for the lung in the presence of appropriate promoters.
Anticarcinogens
Some studies on anticarcinogenic properties of PNA have been carried out by subcutaneous injection into mice (82) , others by skin painting. The results at times were quite contradictory, which was not surprising because different dose levels were applied and different modes of administration, timing, and animal strains or species were used. A clearer picture could be obtained if a systematic study was carried out.
Genetic Susceptibility
Species that cannot activate PNA seem to suffer no ill effects from their presence. Recent studies on mice and man suggest that genetic variation in inducible mixed function oxidases may make the individual more or less susceptible to the development of lung cancer (98) . It may be worthwhile to understand this relationship better and ultimately to be in a position to screen those to be exposed to PNA at their workplace for their inducible enzyme capability.
Hazards of Coal Utilization by Gasification or Liquefaction
An entirely different problem will be encountered if these processes are introduced on a large scale in the U.S. The processes and the products will represent a different degree of carcinogenic risk which should be recognized before these approaches are activated.
Epidemiological Studies
Further epidemiological studies which address the questions unresolved by the available data on associations between coal mining and cancer and air pollution and cancer are urgently needed. Specific areas which need to be explored are: the apparent excess of stomach cancer in coal miners and their wives; the possible role of tobacco consumption (smoking and chewing), air pollution, and occupational status in the etiology of stomach cancer in coal miners and their families; prospective epidemiological studies of the role of air pollution and more specifically the effluents of coal combustion, in the etiology of cancer with emphasis on more independent and quantitative assessments of the effects of cigarette consumption, air pollution (based on analytic environmental surveillance) and economic or occupational status; and a re-evaluation of migrant studies with specific regard to self-selection of the immigrants.
